A mammalian cell renovates itself by autophagy, a process through which cellular components are recycled to produce energy and maintain homeostasis. Recently, the abundance of gap junction proteins was shown to be regulated by autophagy during starvation conditions, suggesting that transmembrane proteins are also regulated by autophagy. Transient receptor potential vanilloid type 1 (TRPV1), an ion channel localized to the plasma membrane and endoplasmic reticulum (ER), is a sensory transducer that is activated by a wide variety of exogenous and endogenous physical and chemical stimuli. Intriguingly, the abundance of cellular TRPV1 can change dynamically under pathological conditions. However, the mechanisms by which the protein levels of TRPV1 are regulated have not yet been explored. Therefore, we investigated the mechanisms of TRPV1 recycling using HeLa cells constitutively expressing TRPV1. Endogenous TRPV1 was degraded in starvation conditions; this degradation was blocked by chloroquine (CLQ), 3MA, or downregulation of Atg7. Interestingly, a glucocorticoid (cortisol) was capable of inducing autophagy in HeLa cells. Cortisol increased cellular conversion of LC3-I to LC-3II, leading autophagy and resulting in TRPV1 degradation, which was similarly inhibited by treatment with CLQ, 3MA, or downregulation of Atg7. Furthermore, cortisol treatment induced the colocalization of GFP-LC3 with endogenous TRPV1. Cumulatively, these observations provide evidence that degradation of TRPV1 is mediated by autophagy, and that this pathway can be enhanced by cortisol.
INTRODUCTION
Transient receptor potential vanilloid type 1 (TRPV1) is a ligand-gated cation channel, composed of six transmembrane (TM) domains, harboring a short pore-forming region between the fifth and sixth TM domains (Kedei et al., 2001) . TRPV1 is a sensory transducer, and can be activated by a wide variety of exogenous and endogenous physical and chemical stimuli, such as heat, capsaicin, protons, and several inflammatory mediators (Caterina et al., 1997; Clapham, 2003; Hwang et al., 2000; Ross, 2003; Szallasi and Blumberg, 2007) . The main functions of TRPV1 are to regulate body temperature and sensations such as scalding heat, pain and pungency (Caterina et al., 1997; Clapham, 2003; Szallasi and Blumberg, 2007) . Intriguingly, the functions of TRPV1 are known to change dynamically in response to sensitization or desensitization under pathological conditions. For example, TRPV1 can be sensitized by bradykinin through PKC activation in inflammation (Sugiura et al., 2002) . In addition, the sensitization and desensitization of TRPV1 can be controlled by its phosphorylation status, which is modulated by CaMKII and calcineurin (Jung et al., 2004) . However, the mechanisms by which the expression levels of endogenous TRPV1 are regulated in neuropathic pain models remain as yet undefined.
In mammalian cells, proteins are subjected to degradation in two major organelles: proteasomes and lysosomes. Proteasomes specifically degrade ubiquitinated substrates; in contrast, lysosomes degrade cellular materials from various pathways called autophagy. Three main types of autophagy pathways exist: macroautophagy (the major type), microautophagy, and chaperone-mediated autophagy. In mammalian cells, autophagy is a complex process involving many different proteins, including autophagy-related proteins (Atgs), which regulate autophagosome formation [(Mizushima and Komatsu, 2011; Settembre et al., 2013) and references therein]. Autophagy is induced when cells are exposed to deleterious conditions, such as starvation or endoplasmic reticulum (ER) stress. Connexin, a gap junction protein, was recently demonstrated to be internalized upon exposure to stress and to traffic to autophagosomes, which ultimately degrade proteins (Bejarano et al., 2012; Fong et al., 2012; Lichtenstein et al., 2011) . This finding suggests that transmembrane proteins can be regulated by autophagy. Interestingly, autophagy can also be induced by a glucocorticoid (cortisol), which is commonly used to treat noninfec-tious inflammatory diseases (Jia et al., 2011; Molitoris et al., 2011; Xia et al., 2010) . In addition, cortisol induces numerous changes in gene expression, resulting in the inhibition of mammalian target of rapamycin (mTOR) and the induction of autophagy, accompanied by the accumulation of autophagosomes (Molitoris et al., 2011; Xia et al., 2010) .
In this study, we studied the relationship between the degradation of TRPV1 and autophagy. We determined TRPV1 was degraded in two pathways, the starvation-and cortisol-induced autophagy pathways. Starvation or cortisol treatment in HeLa cells induced conversion of LC3-I to LC3-II, which resulted in the induction of autophagy. As a result, TRPV1 was degraded; this degradation was reduced by treatment with anti-autophagy inhibitors or by genetic silencing of Atg7. Overall, our studies identify a link between cortisol treatment and autophagy, and identify autophagy as a central player in TRPV1 regulation.
MATERIALS AND METHODS
Cell culture, plasmid and siRNA transfection, cell lysis HeLa cells were incubated in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C with 5% CO 2 . Transient transfections were performed with a plasmid encoding a green fluorescent protein (GFP)-tagged version of LC3 (pGFP-LC3) (Pyo et al., 2005) and siRNAs by Lipofectamine 2000 (Invitrogen) and Oligofectamine (Invitrogen), respectively. Whole cell lysates were obtained by lysing cells in a hypotonic solution containing 10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 10 mM EDTA, and 0.5% Triton X-100.
For starvation, HeLa cells were grown to approximately 40-50% confluence. One day later, cells were washed twice and then incubated in Hank's Balanced Salt Solution (HBSS; Invitrogen) for the indicated time. When specified, cells were treated with 10 mM 3-methyladenine (3MA, Sigma), 100 μM chloroquine (CLQ, Sigma), or 5 μM MG132 (Agscientific) during starvation for 8 h. For cortisol incubations, HeLa cells were seeded one day before treatment and, when specified, cells were then incubated with various concentrations of cortisol (0-1.0 μM) for 24 h, or with 1 μM cortisol for various periods of time (corresponding to Figs. 4A and 4B). siRNA An siRNA sequence targeting Atg7 [5′-r(AAAGACUCGAGUGU GUUGGUGUUAUdTdT)-3′] (Liu et al., 2009 ) was employed to silence the expression of cellular Atg7 in HeLa cells. Control siRNA was obtained from Bioneer (Ahn et al., 2013) .
Semiquantitative RT-PCR (RT-sqPCR)
Trizol (Invitrogen) was used to extract RNA from cells. Reverse transcriptase reactions were performed with a random hexamer (Invitrogen) and reverse transcriptase (Invitrogen). To amplify cDNA, semiquantitative PCR was performed using GoTaq polymerase (Promega). Primers used to PCR-amplify GAPDH mRNA and Atg7 mRNA were: 5′-CAA GAT CAT CAG CAA TGC C-3′ (sense) and 5'-CTGTGGTCATGAGTCCTT CC-3′ (antisense), and 5′-GAAACCAAAGCAGCAAGG-3′ (sense) and 5′-CTTCTGGATGCTGCAAAACA-3′ (antisense), respectively (Ahn et al., 2013; Liu et al., 2009) . PCR products were analyzed on 1% agarose gels containing ethidium bromide.
Western blotting (WB)
For immunodetection of specific proteins, proteins in total cell lysates were boiled in sample buffer containing SDS and β-mercaptoethanol. Equal amounts of protein were then resolved on 8-15% polyacrylamide gels and transferred to nitrocellulose membranes. For immunoblotting, the primary antibodies used included anti-TRPV1 (Novus), anti-p62 (Santa Cruz Biotechnology), anti-LC3 (Novus), anti-Atg7 (Santa Cruz Biotechnology) and anti-β-actin (Santa Cruz Biotechnology). Specific antibodies were used at 1:1000-1:3000 dilutions in a 0.1% Tween 20/TBS solution containing 5% non-fat milk, and incubated overnight at 4°C with rocking. Immunoreactive bands were visualized with ECL solution (Thermo).
Immunofluorescence
Cells were fixed in 3.7% formaldehyde/PBS for 20 min. Fixed cells were incubated with primary antibodies and then washed and permeabilized with 1× PBS/0.2% saponin. Next, cells were incubated with Alexa Fluor 546 goat anti-rabbit IgG secondary antibodies (Invitrogen). Immunofluorescence images were obtained on a DeltaVision microscope, using the factory settings for the appropriate excitation and emission wavelengths of Alexa Fluor 546 and GFP. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Vector).
RESULTS

Starvation-induced autophagy decreases the level of cellular TRPV1
HeLa cells, which constitutively express TRPV1, were used to determine if the cellular level of TRPV1 is reduced upon induction of autophagy, through a degradation pattern similar to that observed with the transmembrane protein, connexin (Goswami and Hucho, 2007; Takahata et al., 1999) . The level of TRPV1 was significantly reduced to approximately 25% of the normal level after 8 h starvation. Moreover, the level of the autophagosomal marker, p62 (Mathew et al., 2009) , gradually decreased during starvation, whereas the level of β-actin, a control protein, remained unchanged, suggesting that cellular TRPV1 was gradually degraded in starvation conditions (Fig. 1A) . Expectedly, the level of the well-established autophagosome marker, LC3-II (Kabeya et al., 2000) , increased dramatically and the level of LC3-I decreased, which indicates that starvation can induce autophagy in HeLa cells (Fig. 1B) . Since lysosomes are the major organelles which degrade proteins in autophagy pathway, we used chloroquine (CLQ) to inhibit the formation of autolysosomes. Treatment with CLQ during starvation did not affect the abundance of TRPV1, whereas 8 h starvation in the absence of CLQ led to degradation of TRPV1, suggesting that the level of TRPV1 is regulated by autophagy ( Fig. 2A) . Lysosomal degradation inhibition was further verified by employing 3-methyladenine (3MA), an inhibitor which blocks autophagosome formation by inhibiting class III PI3-kinase (Wu et al., 2010) . Treatment with 3MA during starvation did not lead to TRPV1 degradation, which also indicates that TRPV1 degradation under starvation is mediated by autophagy (Fig. 2B) . However, protein degradation could alternatively be mediated by ubiquitination-mediated proteasomal degradation during starvation. To exclude the possibility that TRPV1 degradation was mediated by proteasomal lysis, the proteasomal inhibitor, MG132, was added to the cells during starvation (Fig. 2C) . The level of TRPV1 in cells treated with MG132 during starvation was not stabilized to the level observed upon CLQ or 3MA treatment during starvation. This result suggests that the degradation of TRPV1 during starvation is specifically mediated by autophagy, not by ubiquitination-mediated protein degradation.
To further test our hypothesis that TRPV1 degradation during starvation is mediated by autophagy, we used siRNA-mediated knockdown to silence the expression of Atg7, a protein which is essential for formation of the Atg12-Atg5 conjugate and maturation of the lysosomal membrane. We transiently transfected cells with either Atg7-targeting siRNA or a nonspecific control siRNA (Fig. 2D) . Analysis of the levels of protein by WB (normalized to β-actin to control for variations in protein loading) demonstrated that Atg7-targeting siRNA reduced the level of Atg7 to less than 10% of that found in control siRNA-transfected cells (Fig. 2D, left panel) . Additionally, Atg7 was also efficiently silenced on the mRNA level, where GAPDH mRNA served as an internal control (Fig. 2D, right panel) . Upon siR-NA-mediated silencing of Atg7, TRPV1 was not degraded during starvation. Altogether, these findings suggest that the level of TRPV1 is regulated by autophagy.
TRPV1 colocalizes with the autophagosomal marker, GFP-LC3
In autophagy, the target protein is expected to colocalize with LC3 while lysosomal degradation is inhibited. To test whether TRPV1 colocalizes with LC3, we transiently transfected HeLa cells with a plasmid expressing a GFP-tagged autophagy marker protein, GFP-LC3, and then incubated the transfected cells in starvation conditions (Figs. 3D-3F and 3J-3L) in the absence (Figs. 3A-3F ) or the presence (Figs. 3G-3L ) of CLQ. The immunofluorescence results showed that TRPV1 was mainly cytoplasmic, consistent with the previous observation that TRPV1 is localized to both the plasma membrane and ER membranes (Gallego-Sandin et al., 2009 ). When cells transiently expressing GFP-LC3 in normal conditions were not treated with CLQ, we did not observe any colocalization of GFP-LC3 with TRPV1 (Fig. 3C) . When transiently transfected cells were starved, 16% of the GFP-LC3 transfected cells retained colocalization of TRPV1 with GFP-LC3 ( Fig. 3F and right panel) . In addition, 26% of the GFP-LC3 transfected cells with CLQ treatment without starvation also exhibited colocalization of GFP-LC3 with TRPV1 ( Fig. 3I and right panel) . Furthermore, when transiently transfected cells were starved and then treated with CLQ, 26% of the cells expressing GFP-LC3 exhibited colocalization with GFP-LC3 and TRPV1 ( Fig. 3L and right panel). All these observations indicate that TRPV1 is targeted to degradation via autophagy, while TRPV1 colocalizes with GFP-LC3. 
A B C
Cortisol reduces the level of cellular TRPV1 in an autophagy-dependent manner Next, we investigated the level of TRPV1 in the context of a physiologically relevant inducer of autophagy. Many studies have reported that cortisol induces autophagy in osteocytes and T lymphocytes (Jia et al., 2011; Molitoris et al., 2011; Xia et al., 2010) . To determine whether TRPV1 is degraded by cortisol-induced autophagy, we treated HeLa cells, which constitutively express functional cortisol receptors (Wallace and Cidlowski, 2001) , with various concentrations of cortisol for 24 h (Fig.  4A) . Surprisingly, the amount of TRPV1 when cells were treated with 1 μM of cortisol was reduced to approximately 27% of that in DMSO-treated control cells, while the level of an internal control, β-actin, remained unchanged. Furthermore, the level of p62 also gradually decreased depending on the concentration of cortisol (Fig. 4A) . Interestingly, cortisol-mediated autophagy reduced the levels of both TRPV1 and p62 in a time-dependent manner. When cells were treated with 1 μM cortisol for various incubation periods, the relative amount of TRPV1 was gradually reduced, to approximately 25% that in the 0 h cortisol-treated cells (Fig. 4B) . To confirm that cortisol is associated with autophagy, we observed the changes of LC3-I and -II by treatment of 1 μM cortisol for 24 h. As shown in Fig.  4C , cortisol treatment increased the level of LC3-II, but decreased the level of p62, similar to starvation-induced autophagy. These results imply that cortisol induces autophagy, and that this induction leads to the degradation of TRPV1. Next, we examined whether cortisol reduces the level of cellular TRPV1 via an autophagy-dependent pathway. We employed the same approach that was used in the starvationinduced autophagy experiments. HeLa cells that had been incubated with 1 μM cortisol for 24 h were then treated with CLQ (Fig. 5A), 3MA (Fig. 5B) or MG132 (Fig. 5C ). Similar to the starvation-induced autophagy results, the level of TRPV1 was stabilized when cells were treated with either CLQ or 3MA during the incubation with cortisol (Figs. 5A and 5B, respectively), while TRPV1 expression remained unchanged by CLQ or 3MA itself. However, MG132 did not have any effect on TRPV1 degradation in the context of cortisol treatment (Fig. 5C ), suggesting that TRPV1 does not undergo proteasomal degradation in the presence of cortisol. We also employed siRNA-mediated silencing of Atg7 to verify that TRPV1 degradation was mediated by cortisol and an autophagy-dependent pathway. The level of Atg7 silencing was verified by WB and RT-sqPCR (Fig.  5D ). As expected, these results indicated that the level of Atg7 was reduced to approximately 10% of that in control siRNAtransfected cells. Furthermore, cortisol treatment did not affect the siRNA-mediated knockdown of Atg7. Consistent with the results shown in Figs. 5A and 5B, siRNA-mediated silencing of Atg7 inhibited cortisol-induced degradation of TRPV1, compared with the significant degradation observed in control siR-NA-transfected cells. These observations indicate that cortisolinduced degradation of TRPV1 is mediated by an autophagydependent pathway. To confirm the degradation of TRPV1 by cortisol-mediated autophagy, we examined the colocalizations of GFP-LC3 with TRPV1 upon cortisol treatment. Cells were transiently transfected with pGFP-LC3 and then treated either with or without cortisol for 24 h in the absence or presence of CLQ (Figs. 6A-6L ). Immunofluorescence analysis revealed that 31% of GFP positive cells had colocalization of GFP-LC3 with TRPV1 during cortisol treatment (Fig. 6F and right panel) . In addition, 35% and 42% of cells expressing GFP-LC3 had colocalization of GFP-LC3 with TRPV1 was observed with CLQ treatment in the absence or presence of cortisol, respectively (Figs. 6I and 6L, right panel). These findings provide insight into TRPV1 degradation via cortisol-induced autophagy.
DISCUSSION
The main question addressed in this study was whether autophagy is involved in TRPV1 degradation. The major findings of this study include: (i) endogenous TRPV1 is degraded by starvation via autophagy (Figs. 1-3 ), (ii) cortisol enhances autophagy, thus resulting in TRPV1 degradation (Figs. 4 and 5) , and (iii) cortisol induces colocalization of GFP-LC3 with TRPV1 (Fig. 6) .
TRPV1 is found in the central nervous system, GI tract, keratinocytes, and sensory neurons. TRPV1 has multiple functions, including thermo-reception, and these functions may depend on the distribution of TRPV1 (Mezey et al., 2000; Szallasi and Blumberg, 2007) . The functions of TRPV1 are regulated by phosphorylation, desensitization and phosphatidylinositol 4,5-bisphosphate (PIP 2 ), a molecule that is involved not only in thermal pain but also in some types of pathological pain, such as inflammatory pain or neuropathic pain (Szallasi and Blumberg, 2007) . In addition to the signaling pathways which regulate TRPV1 (phosphorylation and desensitization, etc.), the expression level of TRPV1 is also considered to play a pivotal role in pain hypersensitivity under chronic pain conditions. Current models suggest that the levels of TRPV1 increase in neuropathic pain conditions (Biggs et al., 2007; Fukuoka et al., 2002; Kanai et al., 2005) and in uninjured or spared neurons after nerve ligation/transection; in contrast, TRPV1 levels are thought to decrease in injured neurons (Hudson et al., 2001; Kim et al., 2008; Michael and Priestley, 1999) . Thus, regulation of the protein levels of TRPV1 has been suggested to be a major determinant of TRPV1 function in pathological conditions. Also, sensitization of spinal TRPV1 by its upregulation was involved in the development and/or maintenance of mechanical allodynia (Kanai et al., 2005; Kim et al., 2012) . However, no evidence for a suitable mechanism of TRPV1 recycling has yet been obtained, although changes in the levels of TRPV1 in nerves or the spinal cord have been observed after nerve injury, or in various pain models. In the present study, we found that TRPV1 is regulated via an autophagy-dependent pathway, and that this pathway is enhanced by cortisol. To our knowledge, this is the first evidence concerning TRPV1 degradation and recycling. Recent evidence has demonstrated that autophagy, not ubiquitination, can also regulate the cellular levels of two wild-type connexins, CX50 and CX43, whose functions can be rapidly modulated by degradation (Fong et al., 2012; Lichtenstein et al., 2011) . We propose that TRPV1 is regulated via an autophagy-dependent pathway, in a manner similar to the involvement of autophagy in the proteolysis of connexins.
Recently, dexamethasone has been shown to increase the expression of a gene encoding a stress response protein (Dig2/RTP801/REDD1), which is known to contribute to the induction of autophagy by inhibiting mTOR signaling (Molitoris et al., 2011) . Furthermore, glucocorticoids have been shown to induce autophagy in osteocytes (Xia et al., 2010) . Consistent with these previous studies, we observed that cortisol induced autophagy in HeLa cells. We revealed that the mechanism of TRPV1 degradation involves autophagy under cortisol exposure conditions. Our results suggest a plausible recycling mechanism by which autophagy contributes to the degradation of TRPV1, thus regulating its expression level. The observation that TRPV1 degradation is also mediated by cortisol-induced autophagy suggests that autophagy could contribute to TRPV1-mediated pain responses under pathologic pain conditions.
